SUMMARY
Secondary generalized seizure (sGS) is a major source of disability in temporal lobe epilepsy (TLE) with unclear cellular/circuit mechanisms. Here we found that clinical TLE patients with sGS showed reduced volume specifically in the subiculum compared with those without sGS. Further, using optogenetics and extracellular electrophysiological recording in mouse models, we found that photoactivation of subicular GABAergic neurons retarded sGS acquisition by inhibiting the firing of pyramidal neurons. Once sGS had been stably acquired, photoactivation of GABAergic neurons aggravated sGS expression via depolarized GABAergic signaling. Subicular parvalbumin, but not somatostatin subtype GABAergic, neurons were easily depolarized in sGS expression. Finally, photostimulation of subicular pyramidal neurons genetically targeted with proton pump Arch, rather than chloride pump NpHR3.0, alleviated sGS expression. These results demonstrated that depolarized GABAergic signaling in subicular microcircuit mediates sGS in TLE. This may be of therapeutic interest in understanding the pathological neuronal circuitry underlying sGS.
INTRODUCTION
Secondary generalized seizure (sGS) is a major source of disability in temporal lobe epilepsy (TLE), and it often does not respond to existing drug treatments (Bialer and White, 2010) . Up to 70% of patients with partial epilepsy (including TLE) occasionally experience sGS (Forsgren et al., 1996) ; however, the underlying circuit mechanisms of sGS in TLE have been limited by the challenges of performing electrophysiology/imaging studies or therapeutic interventions in the face of generalized convulsions (Chang and Lowenstein, 2003; Moshé et al., 2015; Varghese et al., 2009) . Poor control of those sGSs is the most important risk factor for sudden unexpected death in epilepsy and seizure-related serious injuries (Bone et al., 2012) . Thus, identification of the neuronal circuitry involved in sGS is necessary to pinpoint the exact nature of the causally important alterations in these circuits and further to control sGS with specific interventions.
The subiculum is the first brain region that receives input of neuronal activity emanating from hippocampus, one of the most common seizure foci in TLE (Engel, 2001) , and projects to other cortical and subcortical regions (O'Mara et al., 2001 ). The subiculum is thought to be crucially involved in spreading and generalizing hippocampal seizures (de la Prida et al., 2006; Stafstrom, 2005) . It displays the earliest seizure activity in the pilocarpine model, which often produces sGS (Toyoda et al., 2013) . We previously reported that low-frequency stimulation targeting the subiculum alleviates sGS in the kindling and pilocarpine models (Zhong et al., 2012) ; it is therefore highly likely that the subiculum may serve as the ''choke point'' (Paz and Huguenard, 2015) for synchronous firing spreading from the hippocampus during sGS and play an important role in the control of sGS. The role of the subiculum in gating hippocampal output is largely contributed by its intrinsic microcircuits (Behr et al., 2009; Panuccio et al., 2012) ; that is, local GABAergic signaling reduces the propagation of afferent excitation and modulates the firing behavior of subicular pyramidal neurons. Although degeneration of various inhibitory interneuron populations in the subiculum has been shown in TLE (de Guzman et al., 2006; Knopp et al., 2008) , the role of the subiculum with cellular precision in causal underpinnings of sGS in TLE has not yet been investigated due to the lack of a specific approach. In the present study, by using optogenetics (Tye and Deisseroth, 2012) , we aimed to investigate neuronal mechanisms in the subiculum, especially the function of its intrinsic microcircuits in sGS of TLE.
RESULTS

TLE Patients with sGS Showed Reduced Volume Specifically in the Subiculum Compared with Those Without sGS
We first tested whether hippocampal subfields in TLE patients would be affected in the presence of sGS (Table S1 ). Typical clinical manifestation and characteristic electroencephalograms verified TLE patients who experienced sGS ( Figure 1A ). Data from high-resolution MRI imaging showed that TLE patients with or without sGS had a significantly smaller volume of hippocampal subfields (subiculum, EC, CA1, CA3, and DG) compared with controls (healthy people) or contralateral sites of TLE (C) Statistics of the volume of hippocampal subfields in TLE patients. n = 20 for control, n = 13 for TLE without sGS, n = 15 for TLE with sGS. *p < 0.05, **p < 0.01, ***p < 0.001 compared with control group (healthy people); ## p < 0.01, ### p < 0.001 compared between epileptic site and contralateral site in TLE patients, one-way ANOVA followed by the Scheffe's post hoc test (compare each group with every other group), F = 6.193 for Sub (subiculum), F = 41.087 for CA1, F = 20.387 for DG/ CA3, F = 4.581 for EC (entorhinal cortex). Data are presented as the mean ± SEM.
patients (Figures 1B and 1C) . However, only the subiculum showed an additional reduced volume of TLE with sGS compared to that of TLE without sGS (Figure 1C) , indicating that the subiculum may play an important role in TLE with sGS.
Selective Activation of Subicular GABAergic Neurons Retards sGS Acquisition, but Aggravates sGS Expression Next, we aimed to investigate the neuronal mechanisms of subicular microcircuits in TLE with sGS. First, we used Vgat-ChR2-eYFP transgenic mice (Zhao et al., 2011) for selective activation of subicular GABAergic neurons with the fiber stereotactically placed above the subiculum. Immunohistochemistry showed 95.5% of eYFP neurons (384 were examined) were glutamate decarboxylase (GAD) positive. Conversely, 92.4% of GAD-positive cells expressed eYFP (Figures S1A and S1B), indicating that channelrhodopsin 2 (ChR2) was restricted to GABAergic neurons in the subiculum. Single-unit recording in urethane-anesthetized mice showed that the 473 nm blue light stimulation (20 Hz, 10 ms, 5 mW) reliably enhanced the firing rate in 15 out of 20 putative GABAergic neurons (classification of neurons into putative interneurons or pyramidal neurons was according to the electrophysiological features of spikes; Csicsvari et al., 2000; Figures S1C and S1D) . Furthermore, most GABAergic neurons were c-fos activated specifically in the subiculum after photostimulation ( Figure S1E ). Those results indicated that subicular GABAergic neurons could be activated by blue light with high temporal precision.
Further, we applied 30 s photostimulation at 20 Hz to the subiculum immediately after 2 s hippocampal kindling stimulation (similar to the closed-loop stimulation pattern; Cook et al., 2013; Figures 2A and 2B) in the kindling-induced seizure model, which clinically resembles complex partial seizures with sGS (Morimoto et al., 2004) , and found that it retarded the progression of behavioral seizure stages and shortened the afterdischarge duration (ADD) ( Figures 2B and 2E ) compared with the Vgatsham group (without photostimulation) and wild-type (WT)-light group (negative littermates receiving the same photostimulation as Vgat-ChR2-eYFP mice). The anti-epileptic effect took place mainly in early stages, but not at later stages, as it increased the number of stimulations required to stay in the focal seizure stages and thus increased the number of stimulations required to reach sGS stages ( Figure 2C ). The Vgat-ChR2-eYFP mice had an afterdischarge threshold (ADT) value similar to that in negative littermates, and ADT did not change during photostimulation. Interestingly, photostimulation showed higher 6(GST-ADT) value (the difference of current intensity between ADT and generalized seizure threshold [GST] ; Figure 2D ), indicating that photostimulation did not change the baseline epileptogenic sensitivity, while it mainly inhibited the seizure spread from seizure focus (Zhu-Ge et al., 2007) .
Next, we determined whether photoactivation of GABAergic neurons alleviated sGS expression when mice were fully kindled (sGS had been stably acquired; Figure 2F) . Surprisingly, photoactivation of subicular GABAergic neurons prolonged ADD and sGS duration (GSD) ( Figure 2F ). Typical ADDs and the corresponding power spectrum are shown in Figures 2G and 2H . We also adjusted the stimulation parameters and found that the pro-epileptic effect has a trend of intensity dependence, becoming increasingly evident with increased pulse duration or frequency of photostimulation ( Figures S2A and S2B) . Meanwhile, we also adjusted the timing and duration of photostimulation and found that either activation of subicular GABAergic neurons (30 s) prior to the kindling stimulation or activation of subicular GABAergic neurons with much shorter duration (10 s) after the kindling stimulation in the Vgat-ChR2-eYFP mice aggravated sGS expression ( Figures S2C and S2D ). These data suggested that the pro-epileptic effect of subicular GABAergic neurons activation might not be seizure activity dependent (Lillis et al., 2012; Alfonsa et al., 2015) . To technically exclude a possible role of passage fibers in the effect of photostimulation in Vgat-ChR2-eYFP mice, we stereotactically injected VgatCre mice with adeno-associated virus (AAV) containing floxed ChR2-mCherry (AAV-EF1a-DIO-hChR2-mCherry) (Zhang et al., 2006) into the subiculum (name Vgat::ChR2 mice; Figure S3A ). Photostimulation retarded the development of behavioral seizure stage and shortened ADD during sGS acquisition ( Figures  S3B and S3C ), but it aggravated sGS expression, indicated by the longer ADD and GSD in Vgat::ChR2 mice ( Figure S3D ).
In addition, we also used an intra-hippocampal kainic acid (KA)-induced TLE model and adopted a chemical-genetic method (Urban and Roth, 2015) to activate for the long-term subicular GABAergic neurons by stereotactically injecting Vgat-Cre mice with AAV-EF1a-DIO-hM3Dq-mCherry into the subiculum (name Vgat::hM3Dq mice; Figure 3A ). Here, we chose the engineered excitatory Gq-coupled human muscarinic receptor, hM3Dq, which has been reported to increase the Gq signaling and thus intracellular Ca 2+ via the orally bioavailable and normally inert metabolite of clozapine, clozapine-N-oxide (CNO) (Alexander et al., 2009) . Similarly, chemical-genetic activation of subicular GABAergic neurons lowered the seizure stage, delayed the latency to GS, and reduced the number of GSs in acute KA model ( Figure 3B ). It did not delay the latency to the EEG onset, indicating that activation of subicular GABAergic neurons had no influence on the genesis of focal seizure, while it delayed GS acquisition by restraining the seizure spread from seizure focus (similar to that in Figures 2C and 2D ). However, during chronic spontaneous seizure period (mice acquired the stable ability of spontaneous GS), chemical-genetic activation of subicular GABAergic neurons increased the total duration of GS ( Figures 3C and 3D) . Together, the above results demonstrated that activation of subicular GABAergic neurons retarded sGS acquisition, but aggravated sGS expression in TLE.
Degradation of GABAergic Inhibition Caused by Depolarized GABAergic Signaling in the Subiculum
Contributes to sGS Expression GABA-mediated inhibition is critical for reducing neuronal excitation in the brain (Fishell and Rudy, 2011) . Extracellular recording showed that 78.7% of putative pyramidal neurons (n = 75; Figure 4A ) were inhibited by photostimulation of GABAergic neurons in the basal state ( Figure 4B ). Application of the GABA A receptor antagonist bicuculline (intra-subicular injection, 2 mM, 0.5 mL) totally blocked this inhibition (n = 6), as well as reversing the anti-epileptic effect of photoactivation of GABAergic neurons on sGS acquisition ( Figure 4C ), indicating that GABA A receptor-mediated inhibition is involved in the anti-epileptic effect of photoactivation of subicular GABAergic neurons on sGS acquisition. Individual interneurons can contact >1,000 pyramidal neurons in the hippocampus (Freund and Buzsá ki, 1996) , so activation of these GABAergic neurons can inhibit the firing of pyramidal neurons and contribute to reducing the seizure spread during epileptogenesis. However, once sGSs were stably acquired, only 26.4% of putative pyramidal cells (n = 72) were inhibited and a large proportion was even activated by photostimulation of GABAergic neurons, which was also mediated by the GABA A receptor (n = 5; Figure 4D ). Quantitative analysis showed that the proportion of activated pyramidal cells increased from 9.3% in the basal state to 57.0% in the kindled state ( Figure 4E ), while photostimulation still enhanced the firing rate of most of the GABAergic neurons both in basal and kindled state (15/20 versus 13/19). We further used the paired-pulse test to measure the inhibitory function of GABAergic neurons: if the second pulse of the pair falls within the duration of the recurrently activated inhibitory postsynaptic potential (10-50 ms). The degree of suppression of the population spike to the second pulse provides a measure of the inhibition (Zappone and Sloviter, 2004) . We found that the inhibition was significantly reduced in the kindled state compared to that in the basal state ( Figure 4F ). Photostimulation of GABAergic neurons enhanced the inhibition only in the basal, but not in the kindled, state ( Figure 4G ). Further, we activated subicular GABAergic neurons in baseline state of the kindled mice (independently of electrical stimulus) and found that although photostimulation did not induce seizures, it largely increased EEG energy and increased the number of interictal spikes ( Figures  S2E-S2I ), which are a biomarker of excitability for epilepsy (de Curtis and Avanzini, 2001 ). These results suggested that inhibitory function of GABAergic neurons was degraded and may even switch to excitatory function after sGS acquisition, which was not due to the change in the expression of ChR2 protein or GABA A receptor level ( Figures S4A-S4C ).
In addition, bicuculline applied to the subiculum alleviated sGS expression dose dependently ( Figure 3H ). Furthermore, we stereotactically injected Vgat-Cre mice with AAV-EF1a-DIO-Arch-EYFP (Chow et al., 2010) into the subiculum (name Vgat::Arch mice) to selectively inactivate subicular GABAergic neurons. Photoinactivation of subicular GABAergic neurons also alleviated sGS expression, indicated by the lowered seizure stage and shortened ADD and sGSD ( Figures 3I and 3J ). For sGS acquisition, photoinactivation of subicular GABAergic neurons accelerated sGS acquisition ( Figures S3E and S3F ). Thus, we demonstrated that GABA A receptor-mediated inhibition of pyramidal neurons mediated the anti-epileptic effect of photostimulation on sGS acquisition, while degradation of this inhibitory function aggravated sGS expression.
GABA A receptor channels are mainly permeable to Cl À ; hence, changes in neuronal chloride homeostasis affect GABA A receptor-mediated transmission and may contribute to epileptic activities (Cossart et al., 2005; Miles et al., 2012; Alfonsa et al., 2015) . We therefore asked whether the defective Cl À homeostasis existed after sGS acquisition. Gramicidin-perforated patch recordings (Ebihara et al., 1995) showed that the somatic GABA A receptor-mediated currents (E GABA ) in subicular pyramidal neurons were À70.3 ± 4.2 mV in the basal state, less hyperpolarized from the resting potential of 63.1 ± 7.8 mV (n = 8 neurons, 3 slices, 3 animals). Notably, in neurons from mice that had experienced sGS expression, the E GABA was much more positive (À54.4 ± 4.7 mV) than their resting potential (65.0 ± 2.2 mV; n = 10 neurons, 4 slices, 4 animals; Figure 5A ), indicating the disrupted Cl À homeostasis in subicular pyramidal neurons. The generation and maintenance of the Cl À gradient are required for the efficacy of Cl À uptake by the Na-K-2Cl co-transporter (NKCC1) and/or Cl À extrusion by the K-Cl co-transporter KCC2 (Blaesse et al., 2009 ). Further, western blot combined with immunohistochemistry showed that NKCC1 expression increased significantly in the subiculum while K-Cl co-transporter (KCC2) decreased after sGS acquisition (Figures 4B and S4D) , and the increased NKCC1 expression mainly happened in neurons, but not in astrocytes ( Figure S4E ), indicating that depolarized GABAergic signaling may be due to a change in the cotransporter driving force for Cl À . As antibodies to NKCC1 and KCC2 are notorious for lack of binding to the desired epitope, in our preliminary study we have verified that these two antibodies could validate the low expression of NKCC1 and KCC2 by using short hairpin RNAs (shRNAs). In addition, no significant change of the expression of NKCC1/KCC2 protein was found in the seizure focus CA3 ( Figure S5A ). Photoactivation of GABAergic neurons in hippocampal CA3 region alleviated sGS expression ( Figure S5B ), which indicated that the depolarized GABAergic signaling was specific to the subiculum. To investigate whether depolarized GABAergic signaling in the subiculum was involved in sGS expression, we applied the selective NKCC1 inhibitor bumetanide to the subiculum and found that depolarized chloride reversal potential was sensitive to bumetanide ( Figure 5A ) and subicular pyramidal neurons (5/8) were inhibited by photostimulation of GABAergic neurons again, as in the basal state ( Figure 5C ). Paired-pulse inhibition was also enhanced by photostimulation, in the presence of bumetanide ( Figure 5D ). Importantly, bumetanide, combined with photostimulation, significantly lowered the incidence of GS, decreased seizure stage, and shortened ADD and GSD (Figures 5E and 5F). Meanwhile, we further used shRNA to selectively knock down the expression of subicular NKCC1 in kindled state (Figure 5B) and found that photostimulation also alleviated sGS expression ( Figure 5G ). Taken together, these data suggested that depolarized GABAergic signaling in the subiculum, which was caused by the change in the chloride co-transporters, contributed to sGS expression.
Photostimulation of Subicular Pyramidal Neurons
Genetically Targeted with Arch, Not NpHR3.0, Alleviates sGS Expression To mimic the inhibitory effect on pyramidal neurons when GABAergic neurons were activated, we stereotactically injected CaMKIIa-Cre mice with AAV-EF1a-DIO-Arch-EGFP, a proton pump (Chow et al., 2010 ) (name CaMKIIa::Arch mice), or AAVEF1a-DIO-NpHR3.0-EYFP, a Cl À pump (Gradinaru et al., 2010) (name CaMKIIa::NpHR3.0 mice), into the subiculum. Robust expression of EYFP was localized to soma in the subiculum (colabeled for CaMKIIa + ) and their efferent axons in downstream regions, such as anterior thalamic nuclei (Figures 6A and 6B) . Application of 589 nm yellow light (20 Hz, 10 ms, 5 mW) led to a sustained decrease in the firing rate of pyramidal neurons in both CaMKIIa::NpHR3.0 (15/18 were inactivated) and CaMKIIa::Arch (12/16) mice in the basal state ( Figure 6C ). Here, we did not observe the increased probability of rebound spiking after silencing the neuronal activity with a chloride pump as previously described (Raimondo et al., 2012; Alfonsa et al., 2015) . We speculate the discrepancy might be due to the different stimulation parameter and low light density we used, as the efficiency of synaptically evoked spiking after photostimulation was primarily determined by the E GABA , which was directly related to the size and duration of the Cl À photocurrent (Tønnesen et al., 2009; Raimondo et al., 2012) . In the kindling model, photoinactivation of pyramidal neurons by both the NpHR3.0 and Arch pumps delayed sGS acquisition ( Figure 6D ). However, when sGSs were stably acquired, photostimulation decreased firing rate of pyramidal neurons only in CaMKIIa::Arch mice (8/12 neurons were inactivated), but not in CaMKIIa::NpHR3.0 mice (2/18; Figure 6E ), suggesting an imbalance of Cl À homeostasis in pyramidal neurons after sGS acquisition. Accordingly, photostimulation of subicular pyramidal neurons targeted with the Arch, but not NpHR3.0, mitigated the severity of sGS expression ( Figure 6F ). In the presence of bumetanide in the subiculum of CaMKIIa::NpHR3.0 mice, photostimulation of subicular pyramidal neurons restored the antiepileptic effect on sGS expression ( Figure 6G ).
Subicular Parvalbumin, but Not Somatostatin Subtype GABAergic, Neurons Are Easily Depolarized in sGS Expression
There are mainly two subtypes of GABAergic neurons in the subiculum, parvalbumin (PV)-expressing neurons or somatostatin (SST)-expressing neurons (Ding, 2013) . We performed immunohistochemistry in Vgat-ChR2-eYFP mice and found that 70.68% of eYFP-expressing GABAergic neurons (323/457) were PV + ( Figure S6A ) and 23.48% of eYFP-expressing GABAergic neurons (85/362) were SST + ( Figure S6B ). PV cells mainly target perisomatic domains of pyramidal neurons, whereas SST cells mainly target dendritic compartments, with different functional outcome for action potential generation in pyramidal neurons (Freund and Buzsá ki, 1996) . Thus, we set out to test whether PV or SST interneurons are involved in sGS expression. To activate subicular PV or SST interneurons selectively, we stereotactically injected PvalbCre or SST-Cre mice with AAV-EF1a-DIO-hChR2-EYFP into the subiculum (name PV::ChR2 mice or SST::ChR2 mice). Expression of ChR2-eYFP was localized to the subiculum (Figures 7A and 7D) , verifying that both subicular PV and SST neurons are local, but not projecting GABAergic neurons. Immunohistochemistry revealed that 85.83% of eYFP-expressing cells (n = 127) were co-labeled for PV in PV::ChR2 mice and 90.57% of eYFP-expressing cells (n = 106) were co-labeled for SST in SST::ChR2 mice. As there may be off-target Cre expression in SST-Cre mice (Nassar et al., 2015) , we also verified that only a very limited number of SST neurons ($3%, 6/179; Figure S6C ) co-expressed PV marker in the subiculum of SST::ChR2 mice, which suggested that our optogenetic modulation on SST neurons was specific. In the kindling model, photoactivation of both subicular PV and SST interneurons retarded sGS acquisition ( Figures 7B and 7E) . The inhibition of epileptiform activity for sGS acquisition in PV::ChR2 or SST::ChR2 mice was less pronounced than that in Vgat-ChR2-eYFP mice, indicating that the global optogenetic activation of mixed populations of interneurons may be a more effective therapeutic strategy for sGS acquisition (Ledri et al., 2014) . Surprisingly, photoactivation of subicular PV neurons aggravated the sGS expression, as it increased ADD and GSD similar to Vgat-ChR2-eYFP mice ( Figure 7C ), while photoactivation of subicular SST neurons effectively alleviated sGS expression ( Figure 7F ). In particular, photoactivation of (F) Effects of photostimulation of subicular GABAergic neurons in the presence of bumetenide on sGS expression (incidence of sGS, seizure stage, ADD, and GSD). *p < 0.05, **p < 0.01, ***p < 0.001 compared to the control group, # p < 0.05 compared to the light-off group; the c 2 test was used to compare the incidence of GS, Kruskal-Wallis test followed by Scheffe's post hoc test for seizure stage, and one-way ANOVA followed by Scheffe's post hoc test (compare each group with every other group) for ADD (F = 5.789) and GSD (F = 5.997).
(G) Effects of photostimulation of subicular GABAergic neurons after knockdown of subicular NKCC1 protein on sGS expression (incidence of sGS, seizure stage, ADD, and GSD). **p < 0.01 compared to the control group, ## p < 0.01 compared to the shRNA group; the c 2 test was used to compare the incidence of sGS, Kruskal-Wallis ANOVA followed by Scheffe's post hoc test for seizure stage, and one-way ANOVA followed by Scheffe's post hoc test (compare each group with every other group) for ADD (F = 7.806) and GSD (F = 8.823). Data are presented as the mean ± SEM; the number of mice used is indicated in each figure. subicular SST neurons greatly lowered seizure stage and shortened ADD and GSD during three consecutive times of treatment.
To test whether activating more interneurons in the PV experiment contributed to E GABA breakdown compared to that of the SST experiment, we turned down light intensity ($2 mW) or decreased the amount of virus applied to activate fewer PV cells (0.2 mL virus was injected into the subiculum of PV-Cre mice). Low-intensity activation of subicular GABAergic neurons also extended the ADD and GSD during sGS expression ( Figure S6D ), while activation of fewer PV cells extended GSD to a lesser extent, but did not extended ADD in the PV::ChR2 mice (Figure S6E) , suggesting that it is likely E GABA breakdown might be related to the number of activated neurons. Further, we found that photoactivation of PV neurons inhibited the firing of pyramidal neurons through GABA A receptor ( Figure S6F ), while photoactivation of SST neurons inhibited the firing of pyramidal neurons through both GABA A and GABA B receptors ( Figure S6G ).
As GABA A receptor can be easily transformed into depolarized function by the changed chloride plasticity, the different roles of PV and SST neurons in sGS expression may be due to the different GABA receptors that are involved in the neural inhibition on pyramidal neurons.
DISCUSSION
The sGSs in TLE are among the most dramatic physiological events in the nervous system, but the brain regions involved have not been thoroughly investigated (Blumenfeld et al., 2009) . Here, we first report the role of subicular microcircuits in TLE with sGS. Previous views have generally ignored the role of the subiculum in TLE compared with other hippocampal subfields, as the subiculum, but not the hippocampus proper, is relatively well preserved in TLE (Fabó et al., 2008; Fisher et al., 1998) . We were surprised to find that although all subfields of hippocampus showed a reduced volume in TLE compared with (D) Effects of photoinactivation of subicular pyramidal neurons on the development of seizure stage, and numbers of kindling stimulations needed to reach sGS and to stay in each seizure stage during sGS acquisition. *p < 0.05, **p < 0.01, two-way ANOVA for repeated measures followed by the Scheffe's post hoc test for seizure stage; one-way ANOVA followed by Scheffe's post hoc test for others (compare each group with every other group), F = 6.395 for numbers of kindling stimulations to reach GS, F = 8.348 for numbers of kindling stimulations to stay in stage 0-2. (E) Peri-event raster histograms of subicular pyramidal neuronal firing with photostimulation of pyramidal neurons via Arch or NpHR3.0 in kindled state. (F) Effects of photostimulation of subicular pyramidal neurons via NpHR3.0 or Arch on sGS expression (seizure stage, ADD, and GSD). *p < 0.05 compared to CamkIIa::eYFP group, # p < 0.05, ## p < 0.01 compared to CamkIIa::NPHR3.0 group, Kruskal-Wallis ANOVA followed by Scheffe's post hoc test for seizure stage, one-way ANOVA followed by Scheffe's post hoc test (compare each group with every other group) for ADD and GSD. (G) Effect of photostimulation of subicular pyramidal neurons via NpHR3.0 in the presence of bumetenide on sGS expression (incidence of sGS, seizure stage, ADD, and GSD). *p < 0.05, **p < 0.01, ***p < 0.001 compared to first group; the c 2 test was used to compare the incidence of sGS, Kruskal-Wallis ANOVA followed by Scheffe's post hoc test for seizure stage, and one-way ANOVA followed by Scheffe's post hoc test (compare each group with every other group) for ADD and GSD (F = 5.108). Data are presented as the mean ± SEM; the number of mice used is indicated in each figure. healthy people, only the subiculum showed an additional smaller volume in TLE patients with sGS compared to those without sGS, indicating that the subiculum plays an important role in TLE with sGS. In both mouse kindling and KA-induced TLE models, selective activation of subicular GABAergic neurons delayed sGS acquisition. Interestingly, once sGS had been stably acquired, photoactivation of those neurons activated a large proportion of pyramidal neurons and had a pro-epileptic effect on sGS expression. Either GABA A receptor antagonist or photoinhibition of GABAergic neurons in the subiculum, which would be pro-convulsive under normal conditions, alleviated sGS expression. Further, electrophysiological data clearly showed (E) Effects of photostimulation of subicular SST neurons on development of seizure stage and the numbers of kindling stimulations needed to reach sGS. *p < 0.05, **p < 0.01 compared with SST::eYFP group, two-way ANOVA for repeated measures for seizure stage, Student's t test for number of stimulations.
(F) Effects of photostimulation of subicular SST neurons on seizure stage, ADD, and GSD in kindled mice. **p < 0.01, ***p < 0.001, Student's t test. Data are presented as the mean ± SEM; the number of mice used is indicated in each figure. that the function of GABAergic signaling converted to depolarization after sGS acquisition. A key finding emerging from this is that sGS expression had totally different features of subicular microcircuit activity from those of sGS acquisition, and depolarized GABAergic signaling in the subiculum may mediate sGS expression. The depolarized subicular GABAergic signaling was due to a change in the co-transporter (NKCC1/KCC2) driving force for Cl À . This situation was much more like neonatal seizures when inhibitory synapses are immature with high NKCC1 expression, which are frequently unresponsive or even potentiated by pro-GABA drugs such as phenobarbital and benzodiazepines (Dzhala et al., 2005 (Dzhala et al., , 2010 . Currently, phenobarbital combined with bumetanide has been evaluated both experimentally and clinically (Brandt et al., 2010; Lö scher et al., 2013) . The biologically plausible idea behind this combination is that a shift from inhibitory to excitatory GABA may be involved in pharmacoresistant adult sGS. Meanwhile, bumetanide was suggested as a treatment for the pharmacoresistant SE, which may also be caused by the erosion of inhibition due to the chloride plasticity (Sivakumaran and Maguire, 2016) . Depolarized GABAergic signaling in adult TLE has previously been verified in a clinical study and a computational model; Cohen et al. reported that synchronous epileptiform spikes initiated in the subiculum from hippocampal slices of TLE patients are caused by the depolarized GABAergic signaling (Cohen et al., 2002) , and Buchin et al. reported that reduced KCC2 co-transporter activity of subicular pyramidal cells alone may affect the dynamics of chloride and underlie the generation of ictal discharges (Buchin et al., 2016) . Depolarized GABAergic signaling seems to occur in other types of epilepsy (Munakata et al., 2007; Pallud et al., 2014) , indicating a general phenomenon. In the present study, we first reported in vivo that the depolarized dynamic feature of microcircuit activity in the subiculum caused by the change of chloride transporters directly mediates sGS, which is important for the design of site-specific therapeutic interventions.
The traditional concept that epilepsy is caused by an increase in excitation and a decrease in inhibition is clearly an oversimplification. GABA-mediated inhibition is critical for reducing neuronal excitation in the brain, and therefore the potentiation of GABAergic neurotransmission is commonly used to prevent seizures (Krook-Magnuson et al., 2013 Ledri et al., 2014) . For example, Krook-Magnuson et al. have used an optogenetic method to temporally and spatially activate inhibitory PV neurons, a subtype of GABAergic neurons, and found it can provide significant seizure control (Krook-Magnuson et al., 2013) . However, here, interestingly, blockade of inhibitory GABAergic neurons protected against sGS expression. The functional status of aberrant excitatory and inhibitory synaptic connections determines the final epileptic state, which may be a necessary component of this concept. In addition, we also tested the effect of chemical-genetic activation of subicular GABAergic neurons on the sGS expression in the hippocampal-kindling model. We found that, in contrast to aggravated sGS expression by optogenetic modulation, when the Vgat::hM3Dq mice were fully kindled, chemical-genetic activation of subicular GABAergic neurons attenuated sGS expression, indicated by the decreased ADD and GSD ( Figure S7 ). We speculate the surprising result may be due to a different approach of the chemical-genetic method to activate the subicular GABAergic neurons. Pulsed optogenetic activation of GABAergic neurons is highly time specific because of the phasic influx of cations through the ChR2 channels (Yizhar et al., 2011) , whereas chemical-genetic activation is often long lasting because of the sustained Gq signaling through hM3Dq (Urban and Roth, 2015) . Early activation of GABAergic neurons by the chemical-genetic modulation may induce a long-lasting GABA A channel opening and the consequent net efflux of Cl À , thus restoring the positively shifted E GABA level observed in the kindled mice (Alfonsa et al., 2015) . Interestingly, in our present study, chemical-genetic activation of subicular GABAergic neurons still aggravated sGS expression in KAinduced TLE model. The precise mechanism for this difference is unknown. We postulated the different outcomes of chemicalgenetic modulation might be due to the different activity-dependent seizure states, possibly manifested via different levels of brain circuit remodeling associated with different TLE models (Coulter et al., 2002; Morimoto et al., 2004) . These data also suggested degradation of subicular GABAergic inhibition, apart from the failed GABAergic signaling, may underlie the sustained activation of GABAergic neurons during sGS expression. Furthermore, we found that PV and SST subtypes of subicular GABAergic neurons play totally different roles in sGS expression. Photoactivation of subicular PV neurons retarded sGS acquisition, but aggravated its expression, while photoactivation of subicular SST neurons produced an anti-epileptic effect on both sGS acquisition and sGS expression, suggesting that SST neurons are not switched into depolarized signaling as easily as PV neurons. These different effects of photoactivation of PV and SST subtype GABAergic neurons may be due to the different GABA receptors that are involved in the neuronal inhibition on pyramidal neurons. It is likely that targeting GABA b receptor or selective activation of SST neurons would produce a more consistently anti-epileptic effect on TLE with sGS. Another possible reason is that dendritic inhibition, in particular by SST cells, is more effective than perisomatic inhibition (PV) in suppressing action potentials in pyramidal cells (Lovett-Barron et al., 2012) . Recent advances in gene therapy and optogenetics would provide neuron subtype-specific therapeutic routes (Sørensen and Kokaia, 2013) , such as for SST neurons, which may be a promising treatment not only for sGS, but also for all other types of epilepsy in the future. Further, photostimulation of pyramidal neurons genetically targeted with the chloride pump NpHR3.0 did not protect against sGS expression under condition of depolarized GABAergic signaling, which was reversed by bumetanide, indicating an imbalance of Cl À homeostasis occurred in pyramidal neurons. The subiculum (pyramidal neurons) innervates a wide array of downstream targets (Ding, 2013) , among which the thalamus is the relay between the cortex and limbic structures (Mirski and Ferrendelli, 1984) and is consistently involved in sGS (Kelemen et al., 2006; Mirski and Ferrendelli, 1984; Sorokin et al., 2017) . It is likely that pyramidal projection from the subiculum to the thalamus mediates sGS in TLE. In the depolarized condition, selective inhibition of pyramidal neurons with the proton pump is a much more attractive approach to protect against epilepsy, especially sGS. Similarly, manipulation of brain pH to modulate proton levels, although non-selective, has recently been proposed as a promising approach to epilepsy treatment (Pavlov et al., 2013) . Alternatively, neuron-specific anti-epileptic drugs designed to reduce action potential firing primarily in excitatory pyramidal neurons would be more effective.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
EXPERIMENTAL MODEL AND SUBJECT DETAILS Patients
All patients with TLE in this study had typical clinical manifestation and characteristic electroencephalograms of epilepsy (Table S1 ). Clinical assessment included obtaining a detailed history and neurological examination, interictal/ictal video-EEG studies, neuropsychological testing, and neuroradiological studies, such as brain PET-CT or magnetic resonance imaging (MRI) scan, to localize the epileptic focus for each patient. All the patients included in this study are typical TLE with hippocampal sclerosis. Two experienced neurologic doctors verified TLE patients with or without sGS according to typical clinical manifestation and characteristic electroencephalograms by the video-EEG recording based on the guidelines of the ILAE Commission on Classification and Terminology (Berg et al., 2010) , similar to our previous study . GSs were recorded at least for one time in 15 out of 28 patients during EEG monitoring; these were generalized tonic, generalized clonic, and generalized tonic-clonic seizures with bilateral synchronous EEG presentation. For comparison, we obtained 20 healthy people as control. Sample size was not predetermined and samples were allocated to experimental groups according to their clinical manifestation. Informed written consent form for the use of the imaging in research was obtained before study (No.2014-151) . All study protocols were complied with the guidelines for the conduct of research involving human subjects as established by the National Institutes of Health and the committee on human research at Zhejiang University.
Animals
The Vgat-ChR2-eYFP line 8 (stock number:014548), Vgat-Cre (stock number:016962), Pvalb-Cre (stock number:008069), SST-Cre (stock number:013044) and CamkIIa-Cre mice (stock number:005359) were used and genotyped according to the protocols provided by Jackson Laboratory. Negative littermates served as the control mice. All of the mice used in this study were healthy mice (male, 2-4 months) with normal immune status, and they were not involved in any previous test or drug treatment. Sample size was not predetermined. The mice were maintained in groups prior to surgery in cages with a 12-h light/dark cycle (lights on from 8:00 to 20:00), and they had free access to water and food. They were individually housed after surgery. All behavior experiments were conducted between 9:00 and 18:00. All experiments were approved by the Zhejiang University Animal Experimentation Committee and were in complete compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
METHOD DETAILS Virus
For selectively optical activation or inactivation of GABAergic neurons, Vgat-Cre mice were stereotactically injected with AAV-EF1a-DIO-hChR2(H134R)-mCherry (viral titers: 1.7 3 10 13 particles/mL) or AAV-EF1a-DIO-Arch-eGFP (viral titers: 1.3 3 10 12 particles/mL) into the subiculum. For chemical-genetic activation of GABAergic neurons, Vgat-Cre mice were stereotactically injected with AAVEF1a-DIO-hM3Dq-mCherry (viral titers: 1.7 3 10 13 particles/mL) into the subiculum. For optical activation of subicular PV or SST neurons, Pvalb-Cre or SST-Cre mice were stereotactically injected into the subiculum with AAV-EF1a-DIO-hChR2(H134R)-eYFP (viral titers: 4.7 3 10 12 particles/mL). For selectively optical inactivation of pyramidal neurons, CamkIIa-Cre mice were stereotactically injected with AAV-EF1a-DIO-NpHR3.0-EYFP (viral titers: 1.7 3 10 13 particles/mL) or AAV-EF1a-DIO-Arch-eGFP (viral titers:
1.3 3 10 12 particles/mL). AAV-EF1a-DIO-eYFP (viral titers: 8.3 3 10 12 particles/mL) was used as control virus. All of the viruses were purchased from Neuron Biotech (Shanghai, China). For NKCC1 knockdown, the following short-hairpin sequence was used: ACACACTTGTCCTGGGATT. The specificity and efficiency of the shRNAs were validated and high titers of engineered AAV (AAVShRNA-NKCC1-eGFP, 2.1 3 10 12 particles/mL) were produced by Neuron Biotech.
Viral injection, and fiber/electrode implantation
Under sodium pentobarbital anesthesia (50 mg/kg, i.p.), mice were mounted in a stereotaxic apparatus (512600, Stoelting), virus (0.4 ml) was injected into the subiculum (AP À3.4 mm; L À2.0 mm; V À1.8 mm) with a 10 mL syringe and a 34 gauge needle at 100 nl/min using an injection pump (Micro 4, WPI). After each injection, the needle was left in place for an additional 5 min and then slowly withdrawn. Then electrodes (795500, each 0.125 mm in diameter; A.M. Systems) were implanted into the right ventral hippocampus (AP À2.9 mm; L À3.0 mm; V À3.2 mm) for kindling stimulation and EEG recording; a home-made cannula-electrode (62003, RWD Life Science) was implanted into the subiculum for EEG recording, optical stimulation, and if any intra-subicular injection of drugs (the cannula was kept $0.5 mm above the electrode tips for optimal photostimulation). Two screws were placed in the skull over the cerebellum to serve as the reference and ground electrodes and to secure the dental cement, together with a third screw over the sensorimotor cortex. The coordinates were measured from bregma according to the mouse atlas (Franklin and Paxinos, 2001 ). The virus was allowed to express for a minimum of 4 weeks in order to allow time for sufficient opsin accumulation in the soma and axons. Electrodes location and viral expression were histologically verified after the behavioral studies.
Only the mice with correct locations of electrodes and viral expression are taken into analysis.
Rapid hippocampal kindling
After recovery, the ADT of each mouse was determined (monophasic square-wave pulses, 20 Hz, 1 ms/pulse, 40 pulses) with a constant-current stimulator (SEN-7203, SS-202J; Nihon Kohden) and EEGs were recorded with a Neuroscan system (NuAmps, Neuroscan System). The stimulation intensity was started at 40 mA and was then increased in 20-mA steps every 1 min. The minimal intensity that produced at least a 5 s ADD was defined as the ADT for that animal and was used for grouping thereafter. Subsequently, all mice received 10 kindling stimulations daily (400 mA, 20 Hz, 2 s trains, 1 ms monophasic square-wave pulses). Seizure severity was classified according to the Racine scale (Racine, 1972) : (1) facial movement; (2) head nodding; (3) unilateral forelimb clonus; (4) bilateral forelimb clonus and rearing; and (5) rearing and falling. Stages 1-3 were considered to be focal seizures and stages 4-5 as sGSs (Sato et al., 1990) . When animals had three consecutive seizure stage 5, they were regarded as fully kindled.
Light stimulation
Blue laser light (473 nm) was delivered through a 200-mm diameter optic fiber connected to the laser (IKECOOL Laser) by a Master-8 commutator. The optic fiber was cut flat, and the laser power was adjusted to $5.0 mW. Before placing mice in the chambers, the stylet was immediately removed from the guide cannula, and the optic fiber inserted to end directly above the subiculum. The optical fiber was secured to ensure no movement during the experiment. The light stimulation parameters were 20 Hz, 10 ms/pulse, and 600 pulses. In the kindling model, optical stimulation was delivered immediately after cessation of kindling stimulation. After mice were fully kindled, they were tested for the anti-epileptic effect on sGSs expression as the schematic in Figure 2E . To determine if the GABA A receptor is involved in the anti-epileptic effect of the photoactivation of the GABAergic neurons, we injected GABA A receptor antagonist bicuculline (intra-subicular injection, 2 mM, 0.5 mL) 5 min before the photostimulation.
Intra-hippocampal KA model For acute status epilepticus induced by intra-hippocampal injection of KA, mice were stereotaxically injected with AAV-EF1a-DIOhM3Dq-mCherry (0.4 ml) into the subiculum, and then a cannula-electrode was implanted into right dorsal hippocampus (AP À2.0 mm; L À1.3 mm; V À1.6 mm) for drug delivery and EEG recording. After 3 weeks of recovery from surgery, KA (0.25 mg in 0.5 mL saline) was injected into dorsal hippocampus through cannula over 2 min with a 1 mL microsyringe, 0.5 hr before CNO injection (i.p.). Mice were randomly received CNO or Saline treatment (control group). We measured seizure stage and recorded EEG for 1.5 hr after KA injection. For chronic spontaneous seizure induced by intra-hippocampal injection of KA , three months after injection, EEG was continuously recorded in freely moving Vgat::hM3Dq mice by PowerLab system (AD Instruments) at a sampling rate of 1 kHz synchronized with video recording 8 h/day for 3 days as baseline (Pre). Only the mice with detectable seizure-like events could be further studied. Then mice were injected (i.p.) with CNO daily for 3 days to test the effect of chemical-genetic activation of subicular GABAergic neurons on chronic spontaneous seizure. EEG was recorded continuously during CNO treatment and an additional of 3 days after CNO withdrawn (Post).
Single-unit recording and analysis
To verify that the virus was functional in vivo, neuronal activity was recorded and analyzed in urethane-anesthetized mice. Body temperature was monitored and kept constant at 37 C using a heating pad. Briefly, recordings were made with an 8-wire bundle of microelectrodes (12 mm, AM-Systems) with an impedance of 1-2 MU as measured with Omega-Tip-Z (WPI), which was stick with optical fiber. Neuronal activity was sampled by the Cerebus acquisition system (Blackrock Microsystems; sample rate 30 kHz, high-pass filtered at 250 Hz and sorted online) grounded to a screw above the cerebellum and referenced online against a wire within the same brain area that had a signal-to-noise ratio no greater than 3:1. To improve the signal-to-noise ratio, an online 50 Hz line noise-cancelation algorithm was also applied. Typically, single-unit activity was recorded when the electrodes entered into the neocortex. Later, as the electrode passed through the subcortical white matter, no activity was recorded. When the electrode reached the cell body layer of the subiculum region, single-unit activity was again recorded. Finally, offline sorting software (Plexon) was used to confirm the quality of the recorded cells. Peri-event rasters, peri-event histograms, and autocorrelation analysis were used to analyze the sorted neuronal data (Neuroexplorer 4.0; Nex Technologies). Three independent criteria (firing rate, spike width, and autocorrelogram pattern) were applied to distinguish putative pyramidal cells and interneurons based on previous study (Csicsvari et al., 2000; Huberfeld et al., 2011) . Putative pyramidal cells were identified by low firing rate (%10 Hz), wide spike waveform (R0.3 ms), and sharp autocorrelogram; putative interneurons were identified by high firing rate (> 5 Hz), narrow spike waveform (< 0.30 ms), and flat autocorrelogram. Firing rates across time were analyzed by binning the spike times into 10-ms bins. Neurons were categorized into the following three groups based on their change in firing rate during photostimulation: (1) decreased, (2) increased, or (3) no change (Student's t test). The results were compared before and after sGS acquisition with photostimulation.
Paired-pulse test
For paired-pulse tests (Zappone and Sloviter, 2004) , electrodes were implanted into the ventral hippocampus for kindling stimulation, into the CA1 field (AP À3.4 mm; L À2.0 mm; V À1.8 mm) for test stimulation, while a cannula-electrode was implanted into the subiculum for optical stimulation and EEG recording in Vgat-ChR2-eYFP mice. The stimulation intensity that produced a 50% of maximum response of the population spike (PS) (usually 200-600 mA) was set for the test pulse of the paired-pulse tests, and five sweeps were averaged at each of 8 interpulse intervals: 10, 20, 30, 50, 100, 300, 500, and 1000 ms. These pulse pairs were separated by 10 s (0.1 Hz). A paired-pulse index was determined for each animal by calculating the ratio of the second PS to the first PS. The results of the paired-pulse tests were compared before and after sGS acquisition with or without photostimulation.
In vitro electrophysiology
To obtain acute subicular slices, normal and kindled mice were decapitated and the brain was removed and submerged in ACSF (in mM: 119 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1 NaH 2 PO 4 , 1.3 MgSO 4 , 26.2 NaHCO 3 , and 11D-glucose) at 4 C and saturated with 95% O 2 /5% CO 2 . A vibratome (VT1000S, Leica instruments) was used to cut subicular slices (350 mm) containing the hippocampus and parts of the adjacent cortex. Slices were equilibrated in an incubation chamber with oxygenated ACSF at 25 C for further experiments. For gramicidin-perforated patch-clamp recording (Ebihara et al., 1995) , patch pipettes (4-8 MU) were pulled from glass capillaries with an outer diameter of 1.5 mm on a two-stage puller (PC-10, Narishige). The patch pipette solution contained (in mM): 35 mM K-gluconate, 110 mM KCl, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 2 mM MgCl 2 , and 2 mM Na 2 ATP 10 mM ethylene glycol tetra-acetic acid (EGTA) (pH 7.4). Pipettes were back-filled with the same solution containing gramicidin (50 mg/ml) prepared freshly prior to recording. GABA A receptor-mediated postsynaptic currents were isolated by addition of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 mM) and (2R)-amino-5-phosphonovaleric acid (D-AP5; 25 mM) to the ACSF to block excitatory transmission mediated by AMPA/kainate and N-methyl-D-aspartate (NMDA) receptors, respectively. Whole-cell gramicidin perforated patch-clamp recordings were performed from visually and electrophysiologically identified pyramidal neurons in the subiculum. GABA A receptor-mediated inhibitory postsynaptic currents (IPSCs) were evoked through a concentric bipolar electrode placed 50-100 mm lateral to the recorded neuron (stimulation rate 0.1 Hz at 100 mA, and 100 ms duration). To identify the reversal potential of GABA A receptor-mediated currents (E GABA ), the holding potential was systematically varied from À80 to À40 mV in 10-mV-steps at the same time as the stimulation. The membrane potential was verified after breaking the perforated patch following recording. All patch-clamp recordings were performed using an EPC10 patch-clamp amplifier (HEKA Instruments), with a low-pass filter at 3 kHz, and a sample rate of 10 kHz. Data were analyzed with Clampfit (Molecular Devices).
Immunohistochemistry
Animals that had undergone behavioral analysis were deeply anesthetized with pentobarbital (100 mg/kg, intraperitoneal) and perfused transcardially with saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (Sigma-Aldrich). We removed the brains, post-fixed them in 4% phosphate-buffered paraformaldehyde at 4 C overnight, and cryoprotected them with 30% (w/v) sucrose. We cut coronal 30-mm sections on a sliding freezing microtome (Leica). We processed sections for immunofluorescence for GAD65/67 (1:500, Millipore AB1511), c-fos (SANTA CRUZ sc-52), PV (1:1,000, Swant pv27), SST (1:1,000, SANTA CRUZ sc-13099), CaMKIIa (1:500, Abcam ab92332), GFAP (1:500, Abcam ab10062), NKCC1 (1:500; Abcam, ab59791), and KCC2 (1:500; Abcam, ab49917) and then incubated them with primary antibodies diluted in phosphate-buffered saline with 0.15% Triton X-100 overnight at 4 C, rinsed them with phosphate-buffered saline, and incubated them with a Alexa-594 conjugated secondary fluorescent antibody (706-586-148, Jackson Immuno Research) at 1 mg/ml for 2 hr at room temperature. After rinsing the sections, we mounted them on slides using Vectashield Mounting Media (Vector Labs) and assessed the immunofluorescence with a laser confocal microscope (LSM 510, Zeiss) and an Olympus microscope (BX61).
Immunoblots
The brain tissues were homogenized in RIPA buffer (20 mmol/L Tris-HCl pH 7.5, 150 mmol/L NaCl, 1 mmol/L EDTA, 1% Triton X-100, 0.5% sodium dexoycholate, 1 mmol/L PMSF, and 10 mg/ml Aproptin). An aliquot of 40-mg proteins from each sample was separated using SDS-polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane, which was then blocked with 5% nonfat milk in PBS (pH 7.4) for 1 hr. Then the membranes were incubated with primary antibodies against GABA A (1:1,000; Millipore, AB9752), NKCC1 (1:500; Abcam, ab59791), KCC2 (1:500; Abcam, ab49917), and tubulin (1:10,000; Boster BM1453) overnight at 4 C. Secondary antibodies against rabbit (IRDye 800-coupled, 1:6000) or mouse (IRDye 700-coupled, 1:8,000) were incubated for 2 hr at room temperature and blots were visualized with the Odyssey imaging system (LI-COR Biosciences). Digital images were quantified using densitometry (Image-Pro Plus software; Media Cybernetics). The relative density was obtained by comparison with the control group.
Imaging and data acquisition All of the MRI scans were obtained using a 3.0 Tesla Discovery MR750 (GE Healthcare) MRI scanner, which was equipped with a 12-channel head coil at 2nd Affiliated Hospital of Zhejiang University. All patients were examined during a seizure interval, and they were instructed not to focus their thoughts on anything in particular as well as remained still in the scanner, to keep their eyes closed and not to fall asleep during the MR acquisition. After the scan, a technician checked with each participant whether this was really done and keep every subject in our study complied with these instructions (Zhang et al., 2015) . A sagittal magnetization prepared rapid gradient echo three-dimensional (3D) T1-weighted sequence was used to acquire structural images with repetition time ( , slice thickness/gap = 3 mm/1.2 mm. For the measurement of hippocampal subfields, a high-resolution T2-weighted fast spin echo sequence (TR/TE = 5522/176 ms, echo train length 32, 110-degree flip angle, 2 mm slice thickness, 30 interleaved slices without gap), angulated perpendicular to the long axis of the hippocampal formation.
Measurement of the hippocampal subfields
The post-processing and measurement of the hippocampal subfields was strictly according to previous study (Mueller et al., 2007) . Briefly, using an ITK-SNAP 3.2.0 software, the angulation of each hippocampus on the high resolution T2 sequence was precisely determined and the images resliced using 3D sinc interpolation to create a left and a right hippocampal image on which the coronal axis was perpendicular to the long axis of the corresponding hippocampus. The measurement started on the first slice on which the head of the hippocampus was no longer visible. On this slice, the hippocampal subfields, the subiculum and the entorhinal cortex were marked manually. In addition, the entorhinal cortex was marked on the two slices anterior to the starting slice. The subiculum and the hippocampal subfields were marked on the two slices posterior to the starting slice (detail in Figure 1B ). All subjects were marked twice by two researchers to assess the reliability of this marking scheme within and between researchers. To adjust for differences in head size, all volumes were normalized to total intracranial volume (ICV) by using ICV as a covariate in the regression analysis. The ICV was determined from the 3D T1 weighted image using the Freesurfer program.
QUANTIFICATION AND STATISTICAL ANALYSIS Statistics
In our study, all the experiments and data analysis were conducted in a blinded way, including the quantification of MRI, immunoblots, immunohistochemistry and electrophysiology, and scoring the seizure stage in the kindling and the KA models. All ex vivo and in vivo experiments were performed on at least three animals. In vivo experiments were performed on at least two independent cohorts of mice. Number of experimental replicates (n) is indicated in figure legend and refers to the number of experimental subjects used independently treated in each experimental conditions. Data are presented as the mean ± s.e.m. Statistical comparisons were performed using SPSS (version 17.0) with appropriate inferential methods as indicated in the figure legends. Normally distributed data were tested by one-way and two-way ANOVA followed by post hoc scheffe's test analysis for multiple comparisons, and the unpaired and paired two-sample Student's t test was used for two group comparisons. Non-normally distributed data were analyzed by Kruskal-Wallis test. Incidence data was analyzed by c 2 test. No statistical methods were used to pre-determine sample size, or to randomize. A two-tailed P value < 0.05 was considered statistically significant.
